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SUMMARY 
The o b j e c t o f t h i s i n v e s t i g a t i o n w a s t o s t u d y t h e i n f l u e n c e o f t h e 
r a t e o f l o a d i n g o n t h e b e a r i n g c a p a c i t y o f a s h a l l o w f o o t i n g o n a s a n d . 
M o d e l t e s t s w e r e performed o n a ^ - i n c h c i r c u l a r p l a t e r e s t i n g o n 
t h e s u r f a c e o f a d e n s e s a n d . D i f f e r e n t r a t e s o f l o a d i n g u n d e r s t r a i n -
c o n t r o l l e d c o n d i t i o n s w e r e u s ^ d . T i e r a n g e i n l o a d r a t e s v a r i e d f r o m 
0 . 9 3 i n c h e s p e r s e c o n d t o 0 . 0 0 0 0 5 i n c h e s p e r s e c o n d . C o n t i n u o u s r e c o r d s 
o f t h e s e t t l e m e n t a n d l o a d s w e r e o b t a i n e d b y a S a n b o r n R e c o r d e r . A s m a l l 
s t a t i c c o n e p e n e t r o m e t e r p r o v i d e d checks on t h e d e n s i t y a n d h o m o g e n e i t y 
o f e a c h m o d e l . 
The t e s t s show a n i n c r e a s e i n t h e b e a r i n g c a p a c i t y w i t h a n i n ­
c r e a s e i n t h e l o a d r a t e i n t h e r a n g e o f l o a d r a t e s u s e d i n t h e s t u d y , 
( i n triaxial s t u d i e s b y W h i t m a n a n d C a s a g r a n d e a n d S h a n n o n , a n i n c r e a s e 
i n t h e l o a d a t f a i l u r e w a s a l s o n o t e d w i t h a n i n c r e a s e i n t h e l o a d r a t e 
i n t h e same r a n g e o f r a t e s r e p o r t e d h e r e . ) T e s t s c o n d u c t e d a t e x t r e m e l y 
l o w l o a d r a t e s w e r e n o t d i r e c t l y c o m p a r a o l e t o t h o s e t e s t s c o n d u c t e d a t 
t h e f a s t r a t e s d u e t o t h e nonasccrtainable e f f e c t s o f t h e l o a d i n g s y s t e m 
u p o n t h e t e s t r e s u l t s i n t h e l o w lo a .d r a n g e . 
T h e r e i s some e v i d e n c e t h a t t h e t y p e o f f a i l u r e a t t h e h i g h r a t e s 
o f l o a d i n g d i f f e r s f r o m t h e t y p e of' f a i l u r e a t t h e l o w r a t e s o f l o a d i n g . 
A t t h e l o w r a t e s o f l o a d i n g a n i n c r e a s e i n t h e r e s i s t a n c e t o p e n e t r a t i o n 
o f t h e f o o t i n g a f t e r f a i l u r e had o c c u r r e d w a s n o t e d . 
Due t o t h e s c a t t e r i n g o f r e s u l t s } a d d i t i o n a l t e s t s s h o u l d be p e r ­
f o r m e d t o b e t t e r d e t e r m i n e t h e p h e n o m e n a a s s o c i a t e d w i t h I n c r e a s e d l o a d 




In the past few years several investigations have been made in the 
field of soil dynamics, both analytically and experimentaly". Most of 
these investigations, howeverwere concerned with soil behavior under 
vibratory loading conditions, Yery little has been published concerning 
soil behavior under dynamic, nonvlbratory loads. How, with increased 
demand for foundations designed to resist a single dynanic load, such as 
those loads resulting from blasts, tnere is a coresponding increase in 
the need for studying soil behavior under such loading conditions. 
Among the earliest work done in this area of study was that of 
Casagrande and Shannon (l) and Whitman (2, 3)* Both these studies were 
concerned with the behavior of t r i a x i a l samples under transient (short-
termed) loading conditions. Both studies included a variety of soil ma­
terials, including sand. Casagrande and Shannon, b y varying the time to 
failure from 2000 seconds to 0.02 seconds reported, in spite of consider­
able scattering, an increase in the failure load by approximately 15 per 
cent. They also reported a slight increase of the modulus of deformation 
with an increase in the load rate. Whitman has stated that there exists 
a 10 to 15 per cent increase in the strength of a triaxial sample as the 
strain-rate is increased from that in "the normal slow test" to that in a 
test completed in a few hundredths of a second. However, De Beer and 
Vesic (h) found in tests of 2-inch by 12-inch rectangular footings in 
sand a decrease of the bearing capacity at increased rates of loading. 
2 
Some o the r result;;, of bear ing ' o p a c i t y t e s t s with small foo t ings have 
been publ ished ( 5 . 6, 7, op. Moreover, i f i s r e p o r t e d t h a t work i s now 
being performed, a t the Naval C i v i l Engineer ing Laboratory, the U n i v e r s i t y 
of I l l i n o i s , and the "Waterways Experiment S t a t i on in regard t o non-
v i b r a t o r y dynamic loads (9). However, a t the p r e sen t t ime, t h e r e i s 
s t i l l not r e l i a b l e information on the phenomena a s s o c i a t e d with the 
bear ing capac i ty of a foo t ing sub jec ted to vary ing load rat-:;.. 
In t h i s i n v e s t i g a t i o n the author nas s tud ied the in f luence of v a r ­
i a t i o n s of the r a t e of loading upon the bear ing capac i ty of a k-inch c i r ­
c u l a r p l a t e a t the surface of a dense sand. The range in l ead r a t e s v a r ­
i e s from, approximately 0.00005 inches pe r second t o approximately 0.9 
inches per second. This corresponds to t imes to f a i l u r e of approximately 
5000 seconds to 0 .6 seconds, r e s p e c t i v e l y . In a l l t e s t s a continuous 
account of the load- t ime r e l a t i o n s h i p and the se t t l emen t - t ime r e l a t i o n ­
ship was recorded. 
3 
CHAPTER I I 
E Q U I P M E N T A N D P R O C E D U R E 
Const ruc t ion of Models 
In the fo l lowing d i s c u s s i o n , the term model inc ludes the foo t ing 
and the sand used t o support the f o o t i n g . Cons t ruc t ion of a model i n ­
cludes p l a c i n g the sand and the f o o t i n g . A l l models, except one, were 
b u i l t by the same procedure i n an a t tempt t o gain as much homogeneity as 
p o s s i b l e , with r e s p e c t t o d e n s i t y , both wi th in a model as wel l as be­
tween a l l models. The method used i n cons t ruc t i on of models was v i b r a ­
t o r y compaction with the except ion of the one model cons t ruc t ed by a l low­
ing the sand t o f a l l f r e e l y from a predetermined h e i g h t . 
Equipment 
The fol lowing equipment was used in the model c o n s t r u c t i o n : 
(1) a dry sand, 
(2) a box i n which the model was b u i l t , 
(3) a con ta ine r t o d e l i v e r the sand t o the model box, 
(4) a se t of v i b r a t o r p l a t e s , and 
( 5 ) a f o o t i n g . 
In the model b u i l t by f ree f a l l i n g sand, the four th item was r e ­
p laced with a s e t of funnels t o depos i t the sand uniformly over the su r ­
face of the model. 
k 
Sand 
The m o d e l s w e r e a l l c o n s t r u c t e d w i t h a n a i r - d r y , s i e v e d s a n d o b ­
t a i n e d f r o m t h e C h a t t a h o o c h e e R i v e r . D r y i n g was a c c o m p l i s h e d b y c h a r g i n g 
a r o t a r y c e m e n t m i x e r w i t h w e t s a n d a n d h e a t i n g o v e r a b u t a n e f l a m e . The 
w a t e r c o n t e n t d u r i n g t e s t i n g v a r i e d f r o m 0 * 3 0 p e r c e n t t o 0 . 1 5 p e r c e n t . 
A w i n d o w s c r e e n , w i t h o p e n i n g s s l i g h t l y g r e a t e r t h a n a s t a n d a r d n u m b e r 1 6 
s i e v e , was u s e d i n t h e s i e v i n g p r o c e s s . The r e s u l t i n g g r a i n - s i z e d i s t r i ­
b u t i o n i s shown i n F i g u r e 1 . T h i s s a n d may b e d e s c r i b e d a s a m e d i u m , 
u n i f o r m , s u b a n g u l a r m i c a c e o u s s a n d . Minimum d e n s i t y w a s 7 9 « 0 l b / f t , 
maximum d e n s i t y w a s 1 0 2 . 5 l b / f t • 
P r e c e d i n g t h i s s t u d y s e v e r a l t r i a x i a l t e s t s h a d b e e n p e r f o r m e d on 
t h i s s a n d a t d e n s i t i e s o f 8k> 9 0 , 9 5 , - a ^ d 98 l b / f t w i t h c o n f i n i n g p r e s -
s u r e s o f 5 ; 1 0 , 2 0 , kQ, a n d 8 0 l b / i n * " f o r e a c h d e n s i t y . The r e s u l t s o f 
t h e t - r i a x i a l t e s t s a r e shown i n F i g u r e 2 ( 1 0 ) . As I n d i c a t e d , t h e a n g l e 
o f i n t e r n a l f r i c t i o n , 0 3 I s shown, a s a f u n c t i o n o f t h e v o i d r a t i o , e , 
M o d e l Box 
A s t e e l b o x , 7 0 i n c h e s d e e p a n d 5 0 i n c h e s s q u a r e , w a s u s e d t o c o n ­
t a i n t h e m o d e l . L i n e s w e r e c o n s t r u c t e d a t 1 - I n c h i n c r e m e n t s o n t h e i n ­
s i d e o f t h e b o x s o l a y e r t h i c k n e s s e s c o u l d be e a s i l y d e t e r m i n e d . The 
m o d e l b o x i s shown i n F i g u r e s 3 a n d h. 
D e l i v e r y Box 
A s t e e l b o x 2 f e e t s q u a r e a n d 2 f e e t d e e p , s l o p i n g t o a 6 i n c h 
o p e n i n g , w a s u s e d t o e l e v a t e t h e s a n d a n d d e l i v e r I t t o t h e m o d e l . The 
o p e n i n g w a s e q u i p p e d w i t h a m a n u a l v a l v e s o t h a t t h e f l o w o f s a n d c o u l d 
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n 10 1 0.1 GRAIN DIAMETERS IN MILIMETERS 0.01 
F i g u r e 1 . G r a i n - S i z e D i s t r i b u t i o n C u r v e 
6 
42° 
2 8 ° I ! ! 1 I I J 
0 .60 0 . 7 0 0 . 8 0 0 . 9 0 1.00 1.10 1.20 
VOID R A T I O , e 
F i g u r e 2 . A n g l e o f I n t e r n a l F r i c t i o n a s a F u n c t i o n o f V o i d R a t i o . 
Figure 3« Test Arrangement (Posi t ion A ) . 
F i g u r e h. P h o t o g r a p h . T e s t A r r a n g e m e n t ( P o s i t i o n B ) . oo 
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A Syntron Electric VTmi'A.&T was atached at the centers of both 
24-inch by 48-inch, i . . The vibrators had a 
frequency of 3600 cycle s per' ( u l n i - ' G . : ana an amplitude of about l/32 inch. 
The weight of the plate and vibrator was 120 pounds. See Figure 5. 
Footing 
served as the footing, To provide a •-ougb interface between the footing 
and the sand, a sheet of coarse sandpaper woe trimmed, to the size and 
shape of the footing and glued to the botom side. At the center of the 
top side, a smal depression was made to provide a seat for the loading 
me chani sm. 
Funnels and Storage Container 
In the one model built by alowing tne sand to fall freely, the 
steel delivery box was replaced by a 55-galon steel drum. Beneath the 
drum, two openings were provided for 2 l/2-inch rubber hoses- To regu­
late the flow of sand, to the funnels, manual valves were inserted at the 
midheight of the hoses. The funnels were 6 inches wide by 13 inches and 
23 inches in length, tapering inward for 12 inches, in pyramid fashion, 
to fit the hoses. 
After completing a test, the sand was removed to a depth of ap­
proximately 20 inches (five footing diameters) from the surface. The re­
moved sand was stored in steel drums. Any sand spilling was resieved 
before using again. 
A circular steel plate 1/2-inch thick nd 4 inches in diameter 
Method of Construction 
F i g u r e 5. P h o t o g r a p h . P e n e t r o m e t e r a n d V i b r a t o r P l a t e s . 
F i g u r e 6. P h o t o g r a p h . T e s t i n P r o g r e s s . 
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The s u r f a c e w a s s m o o t h e d a n d l e v e l e d , t h e n s u b j e c t e d t o t h r e e m i n ­
u t e s o f v i b r a t i o n b e f o r e c o n t i n u i n g w i t h c o n s t r u c t i o n . 
The d e p t h o f 2 0 I n c h e s w a s c o n s i d e r e d s u f f i c i e n t t o e s c a p e t h e e f ­
f e c t s o f t h e b e a r i n g f a i l u r e o f t h e p r e v i o u s t e s t . T h e t h r e e - m i n u t e v i ­
b r a t i o n p e r i o d w a s c h o s e n o n t h e b a s i s o f p r e v i o u s e x p e r i e n c e s . I t d i d 
r e s t o r e t h e s a n d s u r f a c e , d i s t u r b e d by t h e d i g g i n g a n d s m o o t h i n g o p e r a ­
t i o n , t o a c o n d i t i o n h o m o g e n e o u s t o t h e m a s s . 
F o u r i n c h e s o f s a n d w a s d e p o s i t e d o n t h e s u r f a c e i n a r a n d o m p a t ­
t e r n . The m a r k i n g s o n t h e b o x w e r e u s e d f o r t h e p u r p o s e o f d e t e r m i n i n g 
w h e n t h i s f o u r i n c h e s w a s o b t a i n e d . The l e v e l e d a n d s m o o t h e d s u r f a c e o f 
t h e f o u r i n c h l a y e r w a s t h e n v i b r a t e ! f o r t h r e e m i n u t e s . D u r i n g v i b r a ­
t i o n t h e p l a t e s w e r e h e l d t o g e t h e r a n d s l i d o v e r t h e s u r f a c e t o p r e v e n t 
t h e f o r m a t i o n o f a z o n e o f l o o s e m a t e r i a l b e t w e e n t h e t w o p l a t e s . The 
p l a t e s w e r e r o t a t e d 90 d e g r e e s w i t h e a c h s u b s e q u e n t l a y e r t o a s s u r e a s 
much a s p o s s i b l e t h a t t h e m a s s o f e a c h m o d e l w o u l d b e c l o s e t o a n a v e r a g e 
c o n d i t i o n . 
A f t e r t h e s u r f a c e o f t h e l a s t l a y e r h a d b e e n c o m p a c t e d , n o o t h e r 
s u r f a c e p r e p a r a t i o n w a s p e r f o r m e d f o r f e a r o f d e s t r o y i n g t h e h o m o g e n e i t y 
o f t h e m o d e l i m m e d i a t e l y b e n e a t h t h e f o o t i n g . 
T h e r e w e r e s e v e r a l p o s s i b i l i t i e s f o r v a r i a t i o n i n t h e m a n n e r o f 
c o n s t r u c t i o n o f a m o d e l . F o r i n s t a n c e , t h e l a y e r t h i c k n e s s , d e n s i t y o f 
l a y e r b e f o r e v i b r a t i o n , t i m e o f v i b r a t i o n , a n d s u r c h a r g e w e r e p o s s i b l e 
v a r i a b l e s . H o w e v e r , i t w a s f o u n d t h a t t h e m o d e l s c o u l d b e b u i l t w i t h a 
r e a s o n a b l e e f f o r t i n t h e m a n n e r d e s c r i b e d a b o v e . 
One a t t e m p t w a s made t o o b t a i n a l o w e r d e n s i t y w i t h t h e same c o n ­
f i d e n c e o f g a i n i n g h o m o g e n e i t y w i t h i n a m o d e l a n d b e i n g a b l e t o r e p e a t 
1 2 
THE DENSITY IN SUBSEQUENT MODELS AS WITH THE VIBRATORY CONSTRUCTION METH­
OD. 
THE METHOD USED FOR THIS CONSTRUCTION DIFFERED FROM THE PREVIOUSLY 
DESCRIBED METHOD IN THE .MANNER OF PLACING THE SAND. THE SAND WAS ALLOWED 
TO FALL FREELY FROM FUNNELS POSITIONED 3 1 INCHES FROM THE I N I T I A L SURFACE. 
TWO-INCH LAYERS WERE DEPOSITED BEFORE RAISING THE FUNNEL HEIGHT AGAIN TO 
3 1 INCHES, THE 1 3 - I N C H FUNNEL WAS USED TO PLACE THE SAND I N A STRIP NEAR 
THE SIDES AND THE 2 3 - I N C H FUNNEL WAS USED TO "PLACE THE SAND I N THE MIDDLE 
S T R I P , BEFORE PLACING THE FOOTING I N I T S LOADING P O S I T I O N THE SURFACE 
WAS LEVELED BY SCRAPING WITH A CUTTING EDGE. 
TESTING 
THE TERM TESTING INCLUDES ARRANGING THE TEST EQUIPMENT, LOADING 
THE FOOTING, AND DETERMINING THE DENSITY OF EACH MODEL. TWO ARRANGEMENTS 
FOR LOADING THE FOOTING WERE USED. FIGURES 3 AND h- INDICATE THE BEAM-
TRIPOD POSITIONS. 
EQUIPMENT 
THE FOLLOWING EQUIPMENT WAS USED I N TESTING A MODEL: 
( 1 ) A PAIR OF RESISTANCE COILS , 
( 2 ) A PROVING RING, 
( 3 ) A RECORDING DEVICE, 
(k) AN ARRANGEMENT FOR APPLYING THE LOAD, AND 
( 5 ) A DEVICE FOR DETERMINING THE DENSITY OF A MODEL. 
THE EQUIPMENT DESCRIBED BELOW WAS USED I N ALL THE T E S T S . THE ONLY 
VARIATION I N TESTING WAS I N THE FOURTH ITEM, THE ARRANGEMENT FOR APPLYING 
1 3 
t h e l o a d . 
R e s i s t a n c e C o i l s 
A p a i r o f r e s i s t a n c e c o i l s w i r e d i n p a r a l l e l w a s a t t a c h e d t o e a c h 
s i d e o f t h e l o a d i n g c o l u m n . E a c h c o i l h a d a r e s i s t a n c e o f 1 2 0 o h m s v a r y ­
i n g l i n e a r l y o v e r i t s 4 - i n c h l e n g t h . T w o 9 - v o l t d r y c e l l b a t t e r i e s p r o ­
v i d e d t h e d r o p i n p o t e n t i a l a c r o s s t h e c o i l s . 
A b r a c k e t - s h a p e d s l i d i n g c o n t a c t w a s p r e p a r e d , s o t h a t t h e v o l t a g e 
d r o p f r o m t h e b o t t o m o f t h e p a i r o f c o i l s t o t h e c o n t a c t s c o u l d b e r e ­
c o r d e d a n d r e l a t e d t o t h e d e f l e c t i o n o f t h e f o o t i n g . S e e F i g u r e 6 . 
P r o v i n g R i n g 
A p r o v i n g r i n g w a s c o n s t r u c t e d , u s i n g f o u r S R - 4 s t r a i n g a g e s , w i r e d 
i n a W h e a t s t o n e B r i d g e c i r c u i t . T h e m e a n d i a m e t e r o f t h e p r o v i n g r i n g 
w a s 6 . 1 i n c h e s , t h e t h i c k n e s s w a s 0 . 6 i n c h e s , a n d t h e w i d t h w a s 1 . 0 
i n c h e s . T h e p r o v i n g r i n g s h o w e d a l i n e a r l o a d - s t r a i n r e l a t i o n s h i p u p t o 
t h e d e s i g n e d l o a d o f 3 0 0 0 p o u n d s ( l l ) . 
H o l e s w e r e t a p p e d t o p a n d b o t t o m o n t h e v e r t i c a l d i a m e t e r t o r i g ­
i d l y a t t a c h t h e p r o v i n g r i n g b e t w e e n t h e l o a d i n g b e a m c l a m p a n d t h e l o a d ­
i n g c o l u m n . S e e F i g u r e 6 . 
R e c o r d i n g D e v i c e 
A S a n b o r n T w o C h a n n e l R e c o r d i n g I n s t r u m e n t , M o d e l # 6 0 , w a s u s e d 
f o r r e c o r d i n g t h e l o a d a n d d e f l e c t i o n d u r i n g t h e t e s t i n g o p e r a t i o n . T h i s 
p a r t i c u l a r m o d e l w a s e q u i p p e d w i t h a t i m i n g d e v i c e w h i c h m a r k e d o n t h e 
r e c o r d i n g p a p e r t h e l a p s e d t i m e , p r o v i d i n g a c o n v e n i e n t m e t h o d o f d e t e r ­
m i n i n g t h e l o a d r a t e a n d t i m e t o f a i l u r e , 
A S a n b o r n D C G e n e r a l P u r p o s e A m p l i f i e r , M o d e l #64-300B, w a s u s e d 
t o a m p l i f y t h e v o l t a g e c h a n g e i n t h e r e s i s t a n c e c o i l s . C a l i b r a t i o n 
Ik 
s h e w e d a l i n e a r r e l a t i o n s h i p b e t w e e n , s t y l u s d e f l e c t i o n a n d t h e v o l t a g e 
c h a n g e s . S e e F i g u r e f . T h r o u g h t h e s e n s i t i v i t y c h o s e n , t h e s e t t l e m e n t 
w a s r e a d d i r e c t l y t o 0,07 i n c h e s a n d e s t i m a t e d t o 0 . 0 0 7 i n c h e s . 
A S a n b o r n S t r a i n Gage A m p l i f i e r , M o d e l #64-SX)0B, w a s u s e d t o r e ­
c o r d t h e s t r a i n i n t h e p r o v i n g r i n g . C a l i b r a t i o n s h o w e d t h a t t h e s t y l u s 
d e f l e c t i o n w a s n o t p r o p o r t i o n e d t o t h e l o a d f o r t h e l o w e r l o a d v a l v e s a n d 
w a s p a r t i c u l a r l y s e n s i t i v e t o t h e z e r o i n g p o s i t i o n o f t h e s t y l u s . T h e r e ­
f o r e , i t w a s n e c e s s a r y t o c h e c k t h e c a l i b r a t i o n a f t e r e v e r y o t h e r t e s t . 
S e e F i g u r e 8 . T h r o u g h t h e s e n s i t i v i t y c h o s e n , t h e l o a d w a s r e a d d i r e c t l y 
t o 1 1 . 1 l b . a n d e s t i m a t e d t o 1 . 1 l b . 
L o a d i n g A r r a n g e m e n t 
I n t h e f i r s t a r r a n g e m e n t , F i g u r e 3^ t h e l o a d i n g b eam w a s p i v o t e d 
b e h i n d t h e t e s t i n g m a c h i n e a n d w a s c o u n t e r w e i g h t e d b e h i n d t h e m o d e l b o x 
s o t h a t t h e f o o t i n g r e c e i v e d , n o l o a d , f r o m t h e d e a d w e i g h t o f t h e l o a d i n g 
b e a m . I n t h i s a r r a n g e m e n t t h e r a t e o f m o v e m e n t o f t h e l o a d i n g h e a d o f 
t h e t e s t i n g m a c h i n e w a s i n c r e a s e d b y t h e l e v e r s y s t e m . A p i v o t w a s c o n ­
s t r u c t e d s o t h a t t h e l o a d i n g beam c o u l d move down t o l o a d t h e f o o t i n g . 
A l o a d w a s a p p l i e d t o t h e f o o t i n g b y a l l o w i n g t h e l o a d i n g h e a d o n 
t h e t e s t i n g m a c h i n e t o b e a r a g a i n s t a b e a r i n g p l a t e . T h e l o a d w a s t h e n 
t r a n s f e r r e d t o t h e l o a d i n g beam t h r o u g h a t h r e a d e d r o d a n d beam c l a m p 
s i m i l a r t o t h e o n e h o l d i n g t h e p r o v i n g r i n g . 
The R i e h l e T e s t i n g M a c h i n e i s a s c r e w t y p e m a c h i n e d r i v e n b y a 
b e l t d r i v e . The l o a d i n g h e a d v e l o c i t y v a r i e s f r o m a p p r o x i m a t e l y 0 . 0 1 5 
i n c h e s p e r m i n u t e i n t h e " L o a d " r a n g e t o 2 0 i n c h e s p e r m i n u t e i n t h e " A d ­
j u s t " r a n g e . 
I n t h e s e c o n d a r r a n g e m e n t , F i g u r e h, t h e e q u i p m e n t i s t h e s a m e . 
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F i g u r e 7- B a s i c C i r c u i t f o r M e a s u r e m e n t o f D e f l e c t i o n . 
F i g u r e 8 . B a s i c C i r c u i t f o r M e a s u r e m e n t o f L o a d . 
16 
T h e o n l y d i f f e r e n c e i s t h a t t : v . h r i p o d p o s i t t o r . was r e v e r s e d w i t h r e s p e c t 
t o t h e l o a d i n g m a c h i n e s o t h a t •  t h e r a t e o f irtovement o f t h e l o a d i n g 
h e a d i s r e d u c e s , by t h e l e v e r u r r a a ^ n e n t . 
D e n s i t y D e t e r m i n a t i o n 
A s t a t i c c o n e p e n e t r o m e t e r , u s i n g a 3/8-inch d i a m e t e r r o d w i t h a 
l / 2 - i n c h p o i n t , w a s e m p l o y e d t o m e a s u r e t h e d e n s i t y o f e a c h m o d e l . See 
F i g u r e 5. 
A f t e r a f o o t i n g h a d b e e n l o a d e d t o f a i l u r e , two s o u n d i n g s w e r e 
m a d e . A d v a n c e m e n t o f t h e p e n e t r o m e t e r r e d i n t o t h e m o d e l w a s i n 1 - i n c h 
i n c r e m e n t s b y t h e u s e o f a s c r e w j a c k . The m e a n o f t h e r e s i s t a n c e e n ­
c o u n t e r e d b y t h e p e n e t r o m e t e r , a s e v i d e n c e d b y t h e p r o v i n g r i n g , w a s r e ­
c o r d e d . 
U s i n g F i g u r e 9 ; a p x ' e v i o u s l y d e t e r m i n e d d e p t h - p e n e t r o m e t e r 
r e s i s t a n c e - d e n s i t y r e l a t i o n s h i p f o r t h i s s a n d a n d t h i s p e n e t r o m e t e r , t h e . 
a v e r a g e r e s i s t a n c e o f t h e t w o s o u n d i n g s w a s r e d u c e d t o d e n s i t y . D e t e r ­
m i n e d a t e a c h w h o l e I n c h , t h e a v e r a g e d e n s i t y f o r t h e f i r s t 1 2 i n c h e s w a s 
t a k e n a s t h e d e n s i t y o f t h e m o d e l . 
L o a d i n g t h e F o o t i n g 
A f t e r p o s i t i o n i n g a n d c o u n t e r w e i g h t l h g t h e l o a d i n g b e a m , t h e 
p r o v i n g r i n g a n d l o a d i n g c o l u m n w e r e r i g i d l y a t t a c h e d . C o n t a c t w a s made 
b e t w e e n t h e l o a d i n g c o l u m n a n d t h e s e a t o n t h e f o o t i n g b y l o w e r i n g t h e 
l o a d i n g b e a m . The b a t t e r i e s w e r e w i r e d a c r o s s t h e c o i l s a n d t h e s l i d i n g 
c o n t a c t b r a c k e t w a s b r o u g h t i n t o p o s i t i o n . 
F o l l o w i n g t h e m a n u f a c t u r e r ' s r e c o m m e n d e d 30 m i n u t e w a r m - u p p e r i o d , 
t h e r e c o r d i n g i n s t r u m e n t w a s c o n n e c t e d t o t h e c o i l s a n d t o t h e p r o v i n g 
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r i n g . 
T h e l o a d i n g h e a d WEB t h e n b r o u g h t i n t o c o n t a c t w i t h t h e b e a r i n g 
p l a t e . A s t o p o n t h e t e s t i n g m a c h i n e w a s s e t t o l i m i t t h e f o o t i n g d e ­
f l e c t i o n t o a r a n g e s o t h a t t h e e q u i p m e n t w o u l d n o t b e d a m a g e d . P r o m 
t h i s l o w e r e d p o s i t i o n , t h e h e a d w a s r a i s e d a t t h e s e l e c t e d l o a d i n g r a t e 
f o r 3 0 s e c o n d s . F r o m t h i s h e i g h t t h e t e s t i n g m a c h i n e w o u l d a t t a i n f u l l 
v e l o c i t y b e f o r e a g a i n c o m i n g i n c o n t a c t w i t h t h e b e a r i n g p l a t e . 
A f t e r s t a r t i n g t h e r e c o r d i n g m a c h i n e , t h e t e s t i n g m a c h i n e a d v a n c e d 
d o w n w a r d t o a p p l y a l o a d t o t h e f o o t i n g u n t i l t h e l o a d i n g m a c h i n e w a s 
a u t o m a t i c a l l y s t o p p e d . 
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C H A P T E R I I I 
DISCUSSION OF RESULTS 
F r o m r e c o r d e d s e t t l e m e n t - t i m e a n d l o a d - t i m e c u r v e s , shown t y p i ­
c a l l y i n F i g u r e 1 0 , t h e l o a d - s e t t l e m e n t r e l a t i o n s h i p f o r e a c h t e s t c o u l d 
b e d e d u c e d . T h e s e d e d u c e d c u r v e s a l l show a t y p i c a l s h a p e o f a n i n i t i a l 
s t r a i g h t l i n e p o r t i o n w h i c h r e a c h e s a maximum l o a d i n a c u r v e o f v a r y i n g 
d e g r e e s o f c u r v a t u r e t h e n t u r n i n g b a c k t o a s m a l l e r l o a d b e f o r e p r o g r e s s ­
i n g t o a n o t h e r a p p r o x i m a t e l y s t r a i g h t l i n e p o r t i o n . S e e F i g u r e s 1 1 , 1 2 , 
1 3 , a n d Ik. 
S i n c e t h e l o a d - s e t t l e m e n t c u r v e s a l l h a v e s i m i l a r i t y i n s h a p e t h e 
e s t a b l i s h m e n t o f a n a n a l y s i s c r i t e r i a w a s r a t h e r s i m p l e . The l o a d a t 
f a i l u r e i s t h e maximum l o a d r e a c h e d i n t h e p e a k . The s e t t l e m e n t a t f a i l ­
u r e i s t h e s e t t l e m e n t c o r r e s p o n d i n g t o t h e f a i l u r e l o a d . The t i m e t o 
f a i l u r e i s t h e t i m e r e q u i r e d t o o b t a i n t h e f a i l u r e l o a d a s d e t e r m i n e d 
f r o m t h e r e c o r d e d l o a d - t i m e c u r v e . The l o a d r a t e i s t h e t o t a l s e t t l e m e n t 
d i v i d e d b y t h e t o t a l t i m e o f t h e t e s t . 
T e s t s 
T e s t s 1 t h r o u g h 1 6 , w i t h t h e e x c e p t i o n o f t e s t s 1 3 a n d 1 5 , w e r e 
p e r f o r m e d w i t h t h e t r i p o d b e h i n d t h e t e s t i n g m a c h i n e ( p o s i t i o n A ) . 
T h r o u g h t h i s l e v e r a r r a n g e m e n t , t h e l o a d i n g r a t e a p p l i e d a t t h e f o o t i n g 
was a p p r o x i m a t e l y 3 l / 2 t i m e s t h a t o f t h e l o a d i n g m a c h i n e . The r e s u l t s 
o b t a i n e d u s i n g t h i s p a r t i c u l a r l e v e r a r r a n g e m e n t s h o w e d r e a s o n a b l e a g r e e ­
m e n t w i t h o n l y n o m i n a l s c a t t e r i n g . T e s t s 1 3 a n d 1 5 a n d 1 7 t h r o u g h 2 1 
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LOAD, POUNDS 
F i g u r e 13. L o a d S e t t l e m e n t C u r v e ( T e s t s 12 T h r o u g h l6 ) . 
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F i g u r e k. I n t h i s l e v e r a r r a n g e m e n t t h e l o a d i n g r a t e a t t h e t e s t i n g ma­
c h i n e w a s a p p r o x i m a t e l y 3 l/2 t i m e s t h a t a p p l i e d t o t h e f o o t i n g . The 
r e s u l t s o f t h e s e t e s t s w e r e s o a f f e c t e d b y t h e t e s t i n g a r r a n g e m e n t that 
t h e y w e r e n o t c o m p a r a b l e t o t h e r e s u l t s o f t h e t e s t s o f p o s i t i o n A (see 
A p p e n d i x ) a n d a r e n o t i n c l u d e d i n t h e s u b s e q u e n t c u r v e s a n d d i s c u s s i o n s . 
I n t h e s u m m a r y o f r e s u l t s , T a b l e 1 , t h e r a n g e o f d e n s i t y i s s h o w n 
t o f a l l b e t w e e n a min imum o f 9k.2 l b / f t ^ a n d a maximum o f p £ . 8 l b / f t ^ 
o r a n i n c r e a s e o f 2 . 8 p e r c e n t . F i g u r e 2 i n d i c a t e s a c o r r e s p o n d i n g i n ­
c r e a s e i n t h e a n g l e o f i n t e r n a l f r i c t i o n , 0 , o f k.7 p e r c e n t f r o m 3 8 . 0 
t o 3 9 * 8 d e g r e e s . F o r t h i s r a n g e o f v a r i a t i o n o f t h e a n g l e o f i n t e r n a l 
f r i c t i o n , t h e b e a r i n g c a p a c i t y f a c t o r s , , , N c , a s i n d i c a t e d b y 
T e r z a g h i , f o r e x a m p l e , show a n i n c r e a s e i n N o f 3 9 p e r c e n t , a n d I n ­
c r e a s e i n o f 2 9 p e r c e n t a n d a n i n c r e a s e i n N c o f 1 8 p e r c e n t . 
An a t t e m p t w a s made t o c o r r e c t t h e d a t a f o r v a r i a t i o n s i n d e n s i ­
t y . The d a t a f o r t h i s c o r r e c t i o n i s t a b u l a t e d i n T a b l e 2 . U s i n g T e r ­
z a g h i 1 s f a c t o r s o f , , a n d N q c o m p u t e d f r o m t h e v a l v e o f 0 
f o r e a c h t e s t , a p r e d i c t e d v a l u e o f t h e u l t i m a t e b e a r i n g c a p a c i t y , ^ r j i t ' 
w a s o b t a i n e d . 
By a s s u m i n g t h a t t h e s m a l l e s t v a l u e o f ^x^x o b t a i n e d e x p e r i m e n ­
t a l l y i s e q u a l t h a t o b t a i n e d t h e o r e t i c a l l y I t w a s p o s s i b l e t o d e t e r m i n e 
a v a l u e f o r c o h e s i o n t o make t h e a s s u m p t i o n c o r r e c t . T h i s v a l u e o f c o -
h e s i o n ( 0 . 2 2 3 l b / i n ) , w a s a s s u m e d t o b e a c o n s t a n t i n a l l t h e o t h e r com­
p u t a t i o n s . The surcharge, q , w a s c o m p u t e d a s t h e d e n s i t y o f t h e s o i l 
m a s s m u l t i p l i e d b y t h e s e t t l e m e n t a t f a i l u r e . 
F i g u r e 1 5 s h o w s t h e f a i l u r e l o a d a s a f u n c t i o n o f t h e l o a d r a t e , 
u n c o r r e c t e d f o r f l u c t u a t i o n s i n d e n s i t y o f t h e s a n d . F i g u r e 1 6 s h o w s t h e 
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a b l e \i* Summary o f S i g n i f i c a n t R e s u l t s 
f r o m L o o d T e s t s 
T e s t P o s i t i o n 
L o a d 
R a t e 
T r e e t o 
F a i l u r e 
S e t t l e ­
m e n t a t 
L o a d a t 
F a i l u r e D e n s i t y 
i n / s e c s e e * F a i l u r e 
i n . 
l b . 
l b / f t 3 
1 h 0 - 9 3 1 0 . 5 8 0 . 3 2 ^ 3 3 0 9 5 . 9 
- . A o . 8 7 8 0 . 6 6 3 6 0 9 5 - 7 
3 A 0 . Qh2 0 . 7 1 0 . 3 ^ 9 3 2 1 + 9 5 . 2 
k A 0 . 6kl 1 . 0 2 0 . 3 1 3 2 9 3 9 6 . 3 
5 A 0 . 5 0 0 1 • .3 0 , 2 2 8 3 5 7 9 5 . 8 
o .A 0 . 2 6 5 2 , 3 0 . 2 7 ' + 3 ^ 5 9 5 . 6 
7 A 0 , 1 2 0 5 . 1 0 . 2 7 ^ 2 7 l r 9 5 . 8 
8 A 0 . 1 0 2 6.h 0 . 2 7 8 3 1 0 9 : > . 5 
9 A 0 . 0 7 6 2 9 . 2 0 . 2 1 0 3 6 9 9 5 . 3 
1 0 A 0 , 0 2 8 ? ?i 2 6 0 9 ^ . 2 
l l A 0 . 0 3 . 6 3 4-0 0 . 2 9 1 . 2 6 3 9 5 . 7 
1 2 A 0 . 0 0 6 2 1 1 0 0 0 . 2 1 2 3 2 5 9 6 . 2 
1 3 B 0 . 0 0 3 0 2 1 1 1 0 . 2 ^ - 2 3 8 6 9 6 . I 
Ik A 0 . 0 0 0 9 0 8 6 1 . 0 • 3 5 8 2 6 U 9 6 , 8 
1 5 B 0 . 0 0 0 3 5 ' 3 3 6 0 . 1 9 7 2 b 7 9 6 . 1 
1 6 A 0 . 0 0 0 7 6 8 9 k 0 , ; i'/0 2 7 5 9 5 . 8 
1 7 B 0 . 0 0 0 5 3 4 0 0 0 . 2 9 1 ; kio 9 5 - 8 
1 8 B 0 0 0 0 5 2 5 3 6 O . 2 8 1 3 6 0 9 5 . 8 
1 9 B 0 . 0 0 0 2 2 1 6 0 h 0 A 3 ? 3 3 9 9 6 A 
2 0 B 0 . 0 0 0 1 . 1 266k 0 . k66 o i l 9 5 . 8 
2 1 B 0 . 0 0 0 0 5 5 3 6 ^ .......- 3 7 0 9 6 . 0 
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q u i t q u i t 
l b / m 
E x p / T h e o r e t 
of l b / i n 2 7° 
p 
39.1 o . 2 2 7 84 0 . 1 1 . 1 0 1 0 2 0. O l S O 6 6 1 9 . 1 2 6 . 3 1 3 8 
3 9 < 0 0 3 0 , 1 1 0 8 1 . 0 0 0 . 0 1 8 0 8 5 1 8 . 6 2 8 . 6 1 5 2 
3 8 - 6 80 0 . 1 1 0 2 9 4 0 < 0 1 9 0 C o 1 8 . 1 2 5 . 8 1 4 3 
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3 0 
r a t i o o f t h e u l t i m a t e h e a r i n g r a p a c i t y o b t a i n e d e x p e r i m e n t a l l y t o t h a t 
o b t a i n e d t h e o r e t i c a l l y . 
The r e s u l t i n g c u r v e s a r e ehowfl t o a p p r o a c h a n a s y m p t o t e a t e i t h e r 
e n d o f t h e l o a d r a t e s p e c t r u m . No e f f o r t was made t o o b t a i n a q u a n t i t a ­
t i v e e x p r e s s i o n f o r t h e f u n c t i o n s i n d i c a t e d . 
S i g n i f i c a n t o f t h e t e s t s r u n a t t h e s l o w e s t l o a d r a t e s w a s t h e b e ­
h a v i o r o f t h e l o a d - d e f l e c t i c n c u r v e s . The p l o t o f t e s t s Ik a n d 1 6 , F i g ­
u r e 1 3 ) s h o w s a z i g z a g v a r i a t i o n o c c u r r i n g , As i n d i c a t e d , t h e l o a d w o u l d 
r e a c h a p e a k v a l u e w i t h c o n t i n u o u s l i n e a r d e f l e c t i o n w h e r e u p o n t h e r e 
w o u l d be a s u d d e n d r o p i n t h e l o a d a n d a c o r r e s p o n d i n g s u d d e n i n c r e a s e i n 
t h e d e f l e c t i o n . S i n c e t o e a c h d i p o f t h e l o a d t h e r e c o r r e s p o n d e d a s h a r p 
i n c r e a s e i n t h e d e f l e c t i o n , t h e p h e n o m e n a i s a t t r i b u t e d t o a b e a r i n g f a i l ­
u r e a n d n o t t o a l a t e r a l m o t i o n o f t h e f o o t i n g . The o c c u r a n c e o f t h e p r o ­
g r e s s i v e f a i l u r e s w a s n o t d e t e c t e d i n t h e t e s t s o f f a s t e r l o a d r a t e s . A l ­
t h o u g h i t may be a r g u e d t h a t t h e t i m e i n t e r v a l i n w h i c h t h e f a s t e r t e s t s 
w e r e c o n d u c t e d w a s s o s h o r t t h a t t h e r e c o r d i n g m a c h i n e d i d n o t h a v e t i m e 
t o r e c o r d t h e s m a l l i n c r e m e n t a l , j u m p s , i t a p p e a r s m o r e l o g i c a l t o a c c e p t 
t h e e x p l a n a t i o n o f t h e b e h a v i o r o f t h e s a n d a t f a i l u r e u n d e r k i n e m a t i c 
c o n d i t i o n s . 
I n o b s e r v a t i o n s b y d e J o s s e l i n d e J o n g ( 1 2 ) o f t h e b e h a v i o r o f a 
p i l e b r o u g h t t o a s t a t e o f f a i l u r e i n a sand^. t h e r e e x i s t e d a n o n l i n e a r 
r e l a t i o n s h i p o f s e t t l e m e n t w i t h r e s p e c t t o t i m e a f t e r t h e I n i t i a l l o a d 
i n c r e m e n t s w e r e a p p l i e d . R a t h e r t h e s e t t l e m e n t s e e m e d t o o c c u r i n i n c r e ­
m e n t s o r s t e p s . The p i l e - s o i l s y s t e m w o u l d a p p e a r t o come t o a n e q u i l i ­
b r i u m p o s i t i o n u n d e r a g i v e n l o a d i n c r e m e n t f o r some s h o r t t i m e i n t e r v a l . 
T h e n a s h o r t i n c r e a s e i n t h e s e t t l e m e n t w o u l d be n o t e d . 
3 1 
The h e s i t a t i o n s d e s c r i b e d a b o v e a r e a t t r i b u t e d t o a r e d i s t r i b u t i o n 
o f g r a i n - t o - g r a i n c o n t a c t f o r c e s i n t h e s a n d m a s s . The d i s p l a c e m e n t s o f 
t h e s a n d g r a i n s b r i n g p o r t i o n s o f t h e m a s s i n t o a new s t a t e o f e q u i l i ­
b r i u m . H o w e v e r , t h e r e d i s t r i b u t i o n o f f o r c e s i n t h e new a r r a n g e m e n t 
b r i n g s o t h e r p o r t i o n s o f t h e m a s s I n t o a s h e a r i n g c o n d i t i o n . A f t e r t h e 
s y s t e m h a s u n d e r g o n e s e r i e s o f t h e h e s i t a t i o n s i n s e t t l e m e n t t h e s y s t e m 
w i l l be a r r a n g e d i n a s t a t e o f e q u i l i b r i u m . As t h e l o a d i s i n c r e a s e d t o 
h i g h e r v a l v e s t h e h e s i t a t i o n s b l e n d t o g e t h e r f o r a c o n d i t i o n o f c o n t i n u a l 
s e t t l e m e n t w i t h t i m e . T h i s s t a t e i s r e a l i z e d w h e n e v e r t h e a p p l i e d l o a d s 
a r e h i g h e n o u g h t o c a u s e t h e s y s t e m a s a w h o l e t o b e i n a p l a s t i c c o n d i ­
t i o n r a t h e r t h a n i n o n l y i s o l a t e d r e g i o n s . 
F i g u r e YJ i n d i c a t e d t h e r e l a t i o n s h i p b e t w e e n t h e l o a d a n d t h e t i m e 
t o f a i l u r e o f t h e t e s t s . The d a t a s u g g e s t s a c u r v e s i m i l a r t o a m i r r o r 
i m a g e o f t h e l o a d - s e t t l e m e n t r a t e c u r v e . W h i l e t h e s c a t t e r i n g o f p o i n t s 
i s shown t o b e r e d u c e d o n l y t o a m i n o r e x t e n t , t h e d a t a w o u l d s e e m t o b e 
a m e t h o d t o e x p r e s s t h e t e s t s t o common b a s i s s i n c e f l u c t u a t i o n i n d e n s i ­
t i e s w o u l d t e n d t o be r e f l e c t e d i n t h e t i m e t o f a i l a m o d e l a t a g i v e n 
s e t t l e m e n t r a t e . 
S i n c e t h e i n i t i a l p o r t i o n o f t h e l o a d - s e t t l e m e n t c u r v e s h o w s a 
s t r a i g h t l i n e , i n d i c a t i v e o f a l i n e a r l y d e f o r m a b l e s o l i d , i t i s p o s s i b l e 
t o d e d u c e t w o c o n s t a n t s f r o m e a c h t e s t . T h i s p a i r o f t e r m s , a p p a r e n t 
m o d u l u s o f d e f o r m a t i o n , E ' , a n d m o d u l u s o f s u b g r a d e r e a c t i o n , k , a r e 
n o t a l t o g e t h e r f u n c t i o n s o f t h e s a n d a s t h e s i z e , s h a p e a n d r i g i d i t y o f 
t h e f o o t i n g a l s o a f f e c t t h e i r m a g n i t u d e . 
S i n c e b o t h c o n s t a n t s a r e some l i n e a r f u n c t i o n o f t h e s l o p e o f t h e 
l o a d - s e t t l e m e n t c u r v e t h e y a r e r e l a t e d . T h e i r r e l a t i o n s h i p may b e e x -
Figure 1 7 . Fa i lu re Load as a Function of Time to F a i l u r e . 
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p r e s s e d a s 
is* - mi 
w h e r e 
2 2 
E ' = a p p a r e n t m o d u l u s o f d e f o r m a t i o n , E / l - V , . l b / i n , 
k = m o d u l u s o f s u b g r a d e r e a c t i o n , l b / i n * , 
B - f o o t i n g w i d t h , I n c h e s , ( 4 I n c h e s f o r t h i s i n v e s t i g a t i o n ) , 
I = i n f l u e n c e f a c t o r f o r s e t t l e m e n t , d i m e n s l o n l e s s , (0.785 f o r 
w ' ' v 
a h o m o g e n e o u s , i s o t r o p i c , e l a s t i c s o l i d ) . 
F i g u r e 18 s h o w s t h e v a r i a t i o n o f t h e m o d u l u s o f s u b g r a d e r e a c t i o n 
a n d a p p a r e n t m o d u l u s o f d e f o r m a t i o n w i t h l o a d r a t e , u n c o r r e c t e d f o r d e n ­
s i t y f l u c t u a t i o n s . A l t h o u g h w i d e s c a t t e r i n g o f d a t a i s s h o w n a g e n e r a l 
i n c r e a s e ( a s m a l l e r s l o p e o f t h e l o a d s e t t l e m e n t c u r v e ) i s s u g g e s t e d a s 
t h e l o a d r a t e i n c r e a s e s , i n d i c a t i n g t h a t t h e s a n d o f f e r s m o r e r e s i s t a n c e 
t o t h e p e n e t r a t i o n o f t h e f o o t i n g f o r t h e f a s t r a t e s o f s e t t l e m e n t . 
I n t r i a x i a l t e s t s b y W h i t m a n (13) a n d S o t e r i a d e s (ih) a n i n c r e a s e 
o f s h e a r i n g s t r e n g t h w i t h a n i n c r e a s e i n t h e l o a d i n g r a t e w a s n o t e d i n 
d r y s a n d s . The i n c r e a s e I n s t r e n g t h o b s e r v e d w a s f r o m 10 t o 1 5 p e r c e n t 
when t h e t i m e t o f a i l u r e w a s i n c r e a s e d f r o m t h a t o f n o r m a l t r i a x i a l 
t e s t s t o r a t e s r e q u i r i n g o n l y h u n d r e d t h s o f a s e c o n d f o r f a i l u r e t o 
o c c u r . I n t h i s i n v e s t i g a t i o n , b y i n c r e a s i n g t h e l o a d r a t e f r o m a p p r o x i ­
m a t e l y 0.001 i n / s e c t o a p p r o x i m a t e l y 1.0 i n / s e c , a n i n c r e a s e i n t h e u l t i ­
m a t e b e a r i n g c a p a c i t y w a s 22$> w h e n u n c o r r e c t e d f o r d e n s i t y v a r i a t i o n s a n d 
35$ w h e n c o r r e c t e d . ( F i g u r e s 15 and. 16). The d i f f e r e n c e i n t h e t y p e 
s h e a r e x p e r i e n c e d i n p l a t e l o a d t e s t s a n d t r i a x i a l t e s t s p o s s i b l v 
a c c o u n t s f o r t h e l a r g e r i n c r e a s e . 
w 
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Figure 1 8 . Apparent Modulus of Deformation and Modulus of Subgrade Reaction 
as a Function of Settlement Rate. 
35 
T e r z a g h i (15) r e c o g n i z e d a n d g a v e a n e x p l a n a t i o n t o t h e i n c r e a s e 
i n s h e a r i n g r e s i s t a n c e i n h i s f i r s t b o o k * T r a n s l a t e d a n d s i u n m a r i z e d b y 
W h i t m a n (l6), t h e s h e a r s t r e n g t h i n c r e a s e i s e x p l a i n e d b y r e a s o n i n g t h a t 
i n r a p i d s h e a r , t h e s a n d g r a i n s a r e n o t a b l e t o f o l l o w p a t h s o f l e s s r e ­
s i s t a n c e a n d t h e r e f o r e , s n e a r t a k e s p l a c e a t h i g h e r v a l u e s . W h i l e t h i s 
e x p l a n a t i o n i s p l a u s i b l e C o r s h e a r i n c r e a s e s i n t r l a x i a l t e s t s , i t 
c o u l d , i n p r i n c i p l e , a p p l y t o a n y s i t u a t i o n i n v o l v i n g t h e s h e a r o f a 
s o i l m a s s . 
I n t h e g e n e r a l b e a r i n g c a p a c i t y e q u a t i o n , s e e A p p e n d i x , b y n e g ­
l e c t i n g a n y i n c r e a s e i n t h e u l t i m a t e b e a r i n g c a p a c i t y , , d u e t o I n ­
c r e a s e s i n e i t h e r t h e c o h e s i o n , c , o r t h e d e n s i t y , 7 , i t i s e a s i l y 
s h o w n t h a t i n c r e a s e s i n t h e b e a r i n g c a p a c i t y m u s t r e s u l t f r o m i n c r e a s e s 
i n t h e t e r m q N ^ . T h i s r e l a t i o n s h i p m a y b e e x p r e s s e d a s 
A q = 7 AZ N ' 
V - v 
A s a l l t h e l o a d s e t t l e m e n t c u r v e s h a d a g e n e r a l i n c r e a s e i n l o a d 
a f t e r t h e p e a k l o a d h a d b e e n o b t a i n e d , a n a v e r a g e s l o p e f o r t h e p o r t i o n 
o f t h e c u r v e w a s c o m p u t e d (A q /A z ) a n d h e n c e t h e v a r i a t i o n o f N 1 
d e r i v e d . 
F i g u r e 1 9 i n d i c a t e s t h a t N 1 d e c r e a s e s w i t h t h e f a s t e r l o a d 
r a t e s . T h i s i s t o s a y t h a t t h e r e s i s t a n c e t o t h e p e n e t r a t i o n o f t h e 
f o o t i n g a f t e r f a i l u r e i s h i g h e r a t l o w e r l o a d i n g r a t e s . I n p r e v i o u s e x ­
p l a n a t i o n , t h e h i g h e r f a i l u r e l o a d w i t h t h e f a s t e r l o a d r a t e s w a s a t t r i ­
b u t e d t o t h e s a n d b e i n g f o r c e d t o s h e a r w i t h o u t s u f f i c i e n t t i m e t o c h o o s e 
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F i g u r e 1 9 . M o d i f i e d B e a r i n g C a p a c i t y F a c t o r , H ' , a s a F u n c t i o n o f S e t t l e m e n t R a t e . 0 0 
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a p a t h o f l e a s t r e s i s t a n c e . P e r h a p s t h i s m e c h a n i s m o f f a i l u r e i n f l u e n c e s 
a d e e p e r b u t n a r r o w e r z o n e s o t h a t a s t n e f o o t i n g i s f o r c e d i n t o t h e s o i l 
d e e p e r t h a n t h e s e t t l e m e n t a t f a i l u r e t h e new s h e a r s u r f a c e s may p a r t i a l l y 
f o l l o w t h e o l d s h e a r s u r f a c e s , . I t w a s o b s e r v e d , t h a t t h e s h e a r s u r f a c e s 
t e n d e d t o be a t l a r g e r d i s t a n c e s f r o m t h e f o o t i n g f o r t h e s l o w l o a d 
r a t e s ( F i g u r e 2 0 ) . The same o b s e r v a t i o n w a s a l s o made b y De B e e r a n d 
V e s i c ( 4 ) . The c o n c l u s i o n o f a d i f f e r e n t mode o f f a i l u r e o c c u r r i n g a t 
t h e f a s t l o a d r a t e i s p a r t i a l l y s u p p o r t e d b y o b s e r v a t i o n s by S e l i g a n d 
McKee ( 1 7 ) • T h e y r e p o r t e d a mode o f f a i l u r e s i m i l a r t o t h a t o f l o c a l 
s h e a r f a i l u r e i n s t a t i c a l l y l o a d e d , l o o s e s a n d . M u l t i p l e f a i l u r e s u r f a c e s 
t e n d e d , t o a s s o c i a t e w i t h t h e t e s t s o f l o w e r l o a d r a t e s , i n d i c a t i n g new 
s h e a r s u r f a c e s , h e n c e a l a r g e r i n c r e a s e i n r e s i s t a n c e . S e e F i g u r e 2 0 . 
F i g u r e 2 0 . S h e a r S u r f a c e s . 




Due to the high scattering of results, a considerably greater num­
ber of tests would be needed for definite conclusions. From the limited 
number of tests performed the folowing tentative conclusions may be 
reached: 
(1) There exists an Increase in the ultimate bearing capacity 
when a footing is forced into a sand mas  at rates varying from 0,001 
inches per second to 1.0 inch p e r second. 
(2) When the footing is forced into the sand at very low rates, 
progressive failure occurs in the mass. 
(3) A different mode of failure appears to exist in the sand at 
very high rates of loading. 
(k) The penetration resistance seems to be greater for the models 
tested at low rates than for those tested at high rates. 
CHAPTER V 
RSCOMiVtEi-TDATIONS 
(1) Due to scatering of results a greater number of tests should 
be conducted on this sand at t h i s density, 
(2) Tests should be conducted on this sand at other densities. 
(3) Tests of other shapes and sizes of footings should be eon-
ducted in this sand. 
(k) Preservable models should be tested to beter determine the 
mode of failure occuring for variation in load rates. 
(5) The effects of the loading system should be more carefuly 
analyzed to correctly ascertain its contribution to the test results. 
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h o r i z o n t a l d i sp lacement of f o o t i n g ( i n c h e s ) 
width of f o o t i n g ( i n c h e s ) 
o 
c o h e s i o n (±o/in~) 
depth of base of foundat ion ( i n c h e s ) 
2 
modulus of deformat ion ( l b / i n ) 
apparent modulus o f deformat ion ( l b / i n ) 
v o i d r a t i o 
i n f l u e n c e f a c t o r f o r s e t t l e m e n t ( d i m e n s i o n l e s s ) 
modulus of subgrade r e a c t i o n ( l b / i n ) 
l e n g t h of f o o t i n g ( i n c h e s ) 
b e a r i n g c a p a c i t y f a c t o r ( d i m e n s i o n l e s s ) 
bear ing c a p a c i t y f a c t o r ( d i m e n s i o n l e s s ) 
bear ing c a p a c i t y f a c t o r ( d i m e n s i o n l e s s ) 
modi f i ed b e a r i n g c a p a c i t y f a c t o r - ( d i m e n s i o n l e s s ) 
surcharge ( l b / i n ) 
u l t i m a t e b e a r i n g c a p a c i t y of a s o i l ( l b / i n ) 
r e l a t i v e d e n s i t y ( d i m e n s i o n l e s s ) 
i n c l i n a t i o n of l o a d i n g column from v e r t i c a l ( d e g r e e s ) 
u n i t we ight ( l b / f t 3 ) 
P o i s s o n ' s r a t i o ( d i m e n s i o n l e s s ) 
shape f a c t o r i n b e a r i n g c a p a c i t y e q u a t i o n ( d i m e n s i o n l e s s ) 
shape f a c t o r i n bear ing c a p a c i t y e q u a t i o n ( d i m e n s i o n l e s s ) 
shape f a c t o r i n b e a r i n g c a p a c i t y e q u a t i o n ( d i m e n s i o n l e s s ) 
e f f e c t i v e n o r m a l s t r e s s ( l b / i n ) 
s h e a r i n g s t r e s s ( l b / i n ) 
a n g l e o f i n t e r n a l f r i c t i o n ( d e g r e e 
hl5 
G E N E R A L BEARING CAPACITY T'.IECRY FOR SHALLOW FOOTINGS 
A s s u m p t i o n s 
A l l m a t h e m a t i c a l s o l u t i o n s t o t h e b e a r i n g c a p a c i t y p r o b l e m h a v e 
b e e n o b t a i n e d t h r o u g h t h e a i d o f c e r t a i n s i m p l i f y i n g a s s u m p t i o n s . T h e 
s o i l m a s s h a s b e e n a s s u m e d t o b e a h o m o g e n e o u s , i s o t r o p i c , r i g i d - p l a s t i c 
m a t e r i a l , s e m i - i n f i n i t e I n e x t e n t . The p h y s i c a l p r o p e r t i e s o f t h e m a s s 
a r e c o n s i d e r e d t o b e c o m p l e t e l y d e f i n e d b y a n e v a l u a t i o n o f c o h e s i o n , c , 
a n g l e o f i n t e r n a l f r i c t i o n , 0 , a n d t h e u n i t w e i g h t , y . F u r t h e r m o r e , 
t h e s h e a r i n g s t r e n g t h o f t h e s o i l i s a s s u m e d t o b e c o n s t a n t a n d d e f i n e d 
b y C o u l o m b ' s e q u a t i o n f o r f a i l u r e : 
T = c + o* t a n 0 
I n c o n s i d e r i n g a s h a l l o w f o o t i n g , t h e l o c a t i o n o f t h e b a s e i s 
p l a c e d s o t h a t t h e r a t i o B/D < 1 I s s a t i s f i e d . Any s o i l a b o v e t h e b a s e 
i s r e p l a c e d w i t h a s u r c h a r g e , q , w h e r e a - 7 D . The s h e a r i n g r e s i s t ­
a n c e o f t h e o v e r b u r d e n I s commonly n e g l e c t e d . The b a s e may b e e i t h e r p e r ­
f e c t l y s m o o t h o r p e r f e c t l y r o u g h . The f o o t i n g i s c o n s i d e r e d t o b e l o n g 
w i t h r e s p e c t t o i t s w i d t h ( l / B > 5 ) « F o r t h i s c o n d i t i o n t h e d i s p l a c e m e n t s 
a r e p l a n a r r a t h e r t h a n r a d i c a l . E m p i r i c a l c o r r e c t i o n s a r e r e q u i r e d t o d e ­
f i n e t h e p r o b l e m o f b e a r i n g c a p a c i t y o f c i r c u l a r f o o t i n g s , b y t h e u s e o f 
c e r t a i n f a c t o r s a s d i s c u s s e d b e l o w . 
T h r e e d i s t i n c t z o n e s o f r u p t u r e h a v e b e e n s h o w n t o e x i s t i n t h e 
s o i l u n d e r f a i l u r e c o n d i t i o n s . S e e F i g u r e 2 1 . Zone I i s a d e n s e , e l a s ­
t i c z o n e w h i c h a c t s a s p a r t o f t h e f o o t i n g by m o v i n g d o w n w a r d d u r i n g t h e 
F i g u r e 22. C h a n g e s i n S y s t e m D u r i n g T e s t . 
^7 
b e a r i n g c a p a c i t y f a i l u r e , Z o n e I I , o r P r a n d t l Z o n e , o f r a d i a l s h e a r i s 
i n t h e p l a s t i c s t a t e a n d g e n e r a l l y m o v e s h o r i z o n t a l l y . Z o n e I I I , o r 
R a n k i n e Z o n e , i s a l s o i n a p l a s t i c c o n d i t i o n a n d g e n e r a l l y m o v e s u p w a r d . 
A l t h o u g h n o g e n e r a l s o l u t i o n e x i s t s , c e r t a i n i n v e s t i g a t o r s h a v e 
o b t a i n e d s p e c i a l s o l u t i o n s . S i n c e m a n y o f t h e s p e c i a l s o l u t i o n s c o u l d 
be p u t i n t o some f o r m o f : 
T e r z a g h i (l£>), among o t h e r s , h a s s u g g e s t e d , t h a t t h e a b o v e e q u a t i o n c o u l d 
b e u s e d f o r t h e g e n e r a l c a s e . I n t h e a b o v e f o r m u l a N n , N , a n d N 
c q 7 
a r e a l l d i m e n s i o n l e s s f a c t o r s d e p e n d i n g o n l y o n t h e v a l u e o f i n t e r n a l 
f r i c t i o n . M o d e l s t u d i e s b y De B e e r a n d V e s i c (k) h a v e s h o w n c l o s e * a g r e e -
Rd > O . 6 7 . 
F u r t h e r s t u d i e s t o a s c e r t a i n t h e e f f e c t o f d e p t h a n d s h a p e o f t h e 
f o o t i n g a n d i n c l i n a t i o n o f t h e f o o t i n g a n d / o r l o a d h a v e b e e n c o n d u c t e d . 
T h e s e t e s t s show t h a t g o o d a g r e e m e n t b e t w e e n t h e o r e t i c a l a n d p r a c t i c a l 
r e s u l t s may b e o b t a i n e d i f t h e f o r m o f t h e g e n e r a l b e a r i n g c a p a c i t y e q u a ­
t i o n i s a l t e r e d t o 
S o l u t i o n 
m e n t o f t h e p r e d i c t e d v a l u e s o f q 
•ULt 
t o t h a t o b t a i n e d I n s a n d s o f 
" H I T = C N = K + * \ h + 2 7 " 7 ^ 
w h e r e a n d 
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a r e d i m e n s i o n l e s s f a c t o r s o f t h e a b o v e 
m e n t i o n e d v a r i a b l e s . 
) A D I ? I G S Y S T E M 
T e s t s c o n d u c t e d w i t h t n e l o a d i n g s y s t e m i n p o s i t i o n B ( F i g u r e k) 
w e r e n o t c o m p a r a b l e t o t h o s e t e s t s c o n d u c t e d f o r p o s i t i o n A ( F i g u r e 3 ) • 
I n t h e m e t h o d u s e d t o r e c o r d t h e t o a d o n t h e f o o t i n g , t h e s t y l u s 
d e f l e c t i o n o f t h e S a n b o r n R e c o r d e r w a s c o n t r o l l e d b y t h e c h a n g e i n 
s t r a i n o f t h e p r o v i n g r i n g . D u r i n g t h e - t e s t s t h e r e w a s a c h a n g e i n 
t h e i n c l i n a t i o n o f t h e l e a d i n g c o l u m n , & , a s w e l l a s a t e n d e n c y f o r a 
h o r i z o n t a l m o v e m e n t o f t h e f o o t i n g , a , b o t h o f w h i c h w o u l d c h a n g e t h e 
s t r a i n i n t h e p r o v i n g r i n g . S e e F i g u r e 2 2 . A n y e x t e r n a l e f f e c t w h i c h 
w o u l d c h a n g e t h e s t r a i n i n t h e p r o v i n g r i n g w o u l d a f f e c t t h e l o a d a s d e ­
d u c e d f r o m t h e S a n b o r n r e c o r d i n g . A c a l i b r a t i o n o f t h e p r o v i n g r i n g i n ­
d i c a t e d t h a t a h o r i z o n t a l l o a d a t t h e l o c a t i o n o f t h e f o o t i n g w o u l d b e 
r e f l e c t e d b y a s t y l u s d e f l e c t i o n e q u a l i n m a g n i t u d e t o t h a t c a u s e d b y 
t h e s a m e l o a d a c t i n g i n a v e r t i c a l d i r e c t i o n . 
B y t h e m a n n e r i n w h i c h t h e p r o v i n g r i n g w a s p l a c e d a n d c o n n e c t e d 
t o t h e S a n b o r n R e c o r d e r I n t e s t s w i t h t h e t r i p o d i n p o s i t i o n A , a n y 
h o r i z o n t a l l o a d w o u l d h a v e p r o d u c e d a c o m b i n a t i o n o f s t r a i n w h i c h w o u l d 
h a v e c a u s e d a s m a l l e r s t y l u s d e f l e c t i o n t h a n t h a t w h i c h w o u l d h a v e b e e n 
c a u s e d b y t h e v e r t i c a l s t r a i n a c t i n g a l o n e . I n T e s t s 9 a n d 1 2 ( p o s i t i o n 
A ) t h e p r o v i n g r i n g c o n n e c t i o n s w e r e r e v e r s e d s o t h a t t h e t e n d e n c y w a s 
f o r t h e h o r i z o n t a l s t r a i n t o b e a d d i t i v e w i t h t h e v e r t i c a l s t r a i n . W i t h 
t h e t r i p o d i n p o s i t i o n B t h e h o r i z o n t a l s t r a i n w a s a l s o a d d i t i v e t o t h e 
v e r t i c a l s t r a i n . 
T a b l e 3 s h o w s t h e i n c l i n a t i o n a n g l e , (3 o f t h e l o a d i n g c o l u m n 
a t t h e b e g i n n i n g o f e a c h t e s t a s w e l l a s t h e c h a n g e i n t h e a n g l e |3 a n d 
t h e h o r i z o n t a l m o v e m e n t , a , t h a t t h e f o o t i n g e x p e r i e n c e d d a r i n g t h e 
t e s t . The c h a n g e s i n p o s i t i o n A a r e s e e n t o b e s m a l l a n d t h e r e f o r e t h e 
s t r a i n s , a s r e c o r d e d i n t h i s p o s i t i o n , a r e t h o u g h t t o b e v e r y c l o s e t o 
t h a t c a u s e d b y t h e v e r t i c a l l o a d s . I n p o s i t i o n B t h e c h a n g e s a r e much 
m o r e s e v e r e a n d a f f e c t t h e s t r a i n s b y s u c h a m a g n i t u d e t h a t t h e t e s t r e ­
s u l t s c o u l d n o t b e u s e d f o r c o m p a r i s o n i n t h i s i n v e s t i g a t i o n . 
F u r t h e r s u b s t a n t i a t i n g t h e a u t h o r ' s d e c i s i o n t o d i s r e g a r d t h e r e ­
s u l t s o f t e s t s c o n d u c t e d i n p o s i t i o n B w a s t h e d e c r e a s e i n t h e t i m e r e ­
q u i r e d f o r t h e f o o t i n g s t o f a i l . By t r a c i n g t h e t i m e t o f a i l u r e a t com­
p a r a b l e l o a d i n g r a t e s i n T a b l e 1 , o n e n o t i c e s a s i g n i f i c a n t d e c r e a s e i n 
t h e t i m e r e q u i r e d . T h i s d e c r e a s e i s t h o u g h t t o be c a u s e d b y t h e g r e a t e r 
t e n d e n c y o f a n g u l a r c h a n g e a n d h o r i z o n t a l m o v e m e n t . 
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T a b l e 3 - H o r i z o n t a l i 9 o v enients a n d A n g u l a r C h a n g e s 
o f L o a d i n g S: jrste/n B a r i i l g Load T e s t 
T e s t Pi a t o t a l P o s i t i o n 
i n i n . m i n . i n . 
i 
1 0 . 5 5 8 . 5 0 . 2 6 5 A 
2 0 . 0 5 4 . 5 0 . 2 3 5 A 
2 1 . 5 5 3 . 5 0 . 2 5 0 A. 
4 3 . 8 4 7 . 3 0 . 1 9 9 A 
5 1 4 . 1 4 7 . 9 0 . 2 0 1 A 
6 1 8 . 0 4 7 - 7 0 . 1 2 3 A 
7 1 9 . 3 0 . 2 0 3 A 
o 1 4 . 7 4 6 . 3 0 . 2 0 7 A 
5 - 2 4 3 . 4 0 . 1 8 7 
1 0 1 2 . 6 4 5 . 2 0 . 2 0 1 A 
1 1 2 3 . 0 4 3 . 5 0 . 0 8 1 A 
1 2 1 0 . 9 4 3 . 4 0 . 1 3 2 A 
1 3 7 0 . 0 1 5 4 . 7 0 , 6 9 6 B 
1 4 7 - 3 5 2 . 5 0 . 1 9 3 A 
1 5 9 0 . 0 1 2 0 . 0 0 . 5 4 4 B 
1 6 2 2 . 5 4 2 . 3 0 . 3 2 4 A 
1 7 1 1 . 0 1 6 6 . 6 0 . 7 1 5 B 
1 8 2 9 . 5 1 5 1 . 0 0 . 6 5 4 B 
L 9 6 5 . 6 1 0 1 . 1 0 . 4 4 l B 
2( i 2 0 . 8 1 3 0 . 0 0 . 4 6 6 B 
2 1 8 . 0 6 3 . O 0 . 3 3 8 B 
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T a b l e k. L o a d S e t t l e m e n t D a t a 
T e s t 1 T e s t 2 
D e n s i t y 95,9 l b / f t : " ' D e n s i t y 95-7 l b / f t 3 
L o a d o n 
B a s e 
( l b ) 
S e t t l e m e n t 
( i n c h e s ) 
L o a d o n S e t t l e m e n t 
B a s e ( i n c h e s ) 
( l b ) 
0 0.000 L o a d D a t a R e c o r d e d , 
90 0,029 S e t t l e m e n t D a t a L o s t 231 0.079 296 0.144 P e a k L o a d = 360 l b , 326 0.231 
330 0.324 299 0.534 292 0.794 286 1.15 299 1.43 
317 1.66 348 I.96 381 2.19 1+20 2.42 454 2.69 
486 2.92 517 3.13 546 3.29 560 3.39 
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Table 4 , ( C o n t i n u e d ) 
T e s t 3 
D e n s i t y 9 
L o a d on 
B a s e 
( l b ) 
5.2 l b / f t : ! 
S e t t lenient 
( i n c h e s ) 
T e s t 4 
D e n s i t y 96.3 l b / f t 3 
L o a d o n S e t t l e m e n t 
B a s e ( i n c h e s ) 
( l b ) 
0 0 .000 0 0.000 
91 0. c 57 55 0.020 
198 0.121 126 0.059 
268 0.171 170 0.078 
307 0.235 2 3 0 0.117 
324 0.349 281 0.206 
313 0.656 291 0.284 
315 0.955 293 0,313 
324 1.26 POT 0.372 
326 1 . 5 5 ~,< .-, 0.470 
330 ^ P c i . O p ' ^ 0.538 
350 2.11 26l 0.715 
379 2.37 255 0.901 
408 2 . 6 2 261 1.06 
428 2.64 266 1.23 
446 3.00 676 1.39 
459 5.09 290 1.56 
462 3.15 308 1.70 
467 3.19 325 1.86 







T a b l e 4. i C o n t i n u e d ) 
T e s t 5 
l b / f t " 
T e s t 6 
D e n s i t y 95.8 D e n s i t y 95-6 l b / f t 5 
L o a d on S e t t l e m e n t L o a d o n S e t t l e m e n t 
B a s e ( i n c h e s ) B a s e ( i n c h e s ) 
( l b ) ( l b ) 
0 0.000 0 0.000 
'4-0 0.045 56 0.014 121 0.063 142 0.029 
193 0.072 225 0.058 
255 0.091 297 0.115 
312 0.145 343 0.173 
3̂ 9 0.206 345 0.274 
357 0.253 342 0.332 
350 0.326 32? 0.534 
335 0,4i6 319 0,707 
313 0.593 316 0.865 
304 0,706 303 1.02 
305 1.17 302 1.15 
312 1.32 306 1.20 
325 1.56 311 1.34 
336 1.76 324 1.49 
351 1 = 95 3̂ 0 1.63 
369 2.13 355 1.80 
389 2.31 ••?£ I.96 
413 2.47 394 2.11 
439 2.69 415 2.25 




Table ( C o n t i n u e d ) 
Load on Base 
t....., \ (lb) 
Table 7 Density 95.6 lb/ft Setlement 
Table 3 
(inches) 
Density 95.5 lb/ft 3 Load on Base (lb) 
Setlement (inches) 
0 0. CO  0 0.000 56 0.029 30 0.046 
129 0.043 152 0.065 196 0.101 216 0.093 251 0.159 275 0.139 205 0.202 '-•02 0.204 274 0.2 FK 310 0.278 270 0.346 310 0.333 261 0.518 20r' 0.463 256 0 6.12 0.769 
264 0 1 / A 1 283 1.03 270 0.679 292 1.31 276 1.01 299 1.44 293 1.1.6 I.56 
304 1.30 33-5 1.67 317 1.45 323 1.81 338 1-59 333 1.94 355 I.73 ? i;.i. 2.04 
370 I.85 355 2.16 391 1.99 365 2.30 4il 2.13 377 2.41 432 2.27 390 2.55 445 2,40 399 2 6 6 468 2,62 407 2.74 
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Table Continued) 
T e s t 9 T e s t 10 
D e n s i t y 95-3 
l b / f t * 3 
D e n s i t y 94.2 l b / f t 3 
L o a d on Setlement Load on S e t t l e m e n t Ease (Inches) B a s e ( i n c h e s ) ( l b ) ( l b ) 
0 0.000 0 0.000 
45 0.019 34 0.032 145 0.029 86 0.048 0.036 146 0.112 253 O.O58 O.192 
292 0.086 246 0.320 331 0,105 209 0,448 360 0,158 268 0.544 369 0.210 165 0.640 34(3 0.726 263 0.817 
308 0.600 262 0.897 280 0.595 269 0.993 267 0.690 265 1-15 257 0.796 276 1 83 255 0.901 286 1.50 257 1.07 297 1.67 275 1.27 306 1.86 295 1.41 320 2.02 325 1.55 331 2.19 346 1.72 343 2.32 367 1.89 355 2.50 385 2.05 404 2.22 417 2.39 
5 6 
T a b l e k, ( C o n t i n u e d ) 
T e s t 1 1 T e s t 1 2 
D e n s i t y 9 5 , 7 l b / f t 3 D e n s i t y 9 6 . 2 l b / f t 
L o a d o n S e t t l e m e n t L o a d o n S e t t l e m e n t 
B a s e ( i n c h e s ) B a s e ( I n c h e s ) 
( l b ) ( l b ) 
0 0 . 0 0 0 0 0 . 0 0 0 
2 8 0 . 0 0 7 i o 4 0 . 0 4 9 
6 9 0 . 0 1 4 1 8 1 0 . 0 8 1 
1 1 0 0 . 0 2 1 2 2 1 O . O 9 8 
1 5 6 O . C 3 6 2 5 6 O . O 9 8 
1 9 9 O . 0 7 8 2 8 9 0 . 1 1 4 
2 3 1 0 . 1 2 6 3 1 3 0 . 1 4 7 
2 5 3 0 . 1 9 ? - 3 2 4 0 . 1 7 9 
2 6 3 0 . 2 9 1 3 2 5 0 . 2 1 2 
2 5 9 0 V < 8 ' ; 3 1 6 0 . 3 2 6 
2 4 9 0 . 5 9 6 3 1 0 0 . 3 9 1 
2 4 5 0 . 7 1 7 3 0 9 0 . 5 0 5 
2 4 7 0 . 8 1 7 3.) 3 0 . 6 8 4 
2 5 3 0 . 0 2 " : •'Lfc. 0 . 8 8 0 
2 5 9 1 , 0 1 3 2 2 1 . 0 3 
2 7 4 1 . 2 1 3 3 0 1 . 2 5 
2 8 5 1 . 4 3 3 2 7 1 . 2 7 
3 0 0 1 . 6 0 3 3 1 1 . 2 9 
3 2 8 1 . 8 0 3 2 8 1 . 3 0 
3 5 9 I . 9 7 3 3 2 1 . 3 2 
3 9 0 2 . 1 4 3 2 7 1 . 3 4 
4 2 2 2 . 3 5 3 3 5 1 . 3 5 
4 5 2 2 . 5 3 3 2 7 1 . 3 5 
3 3 5 1 . 3 7 
3 2 6 1 . 4 o 
3 3 6 1 , 4 2 
3 2 6 1 . 4 3 
3 3 5 1 . 4 5 
3 2 6 1 . 4 5 
3 3 5 1 . 4 7 
3 2 6 1 . 4 8 
3 3 5 1 . 5 0 
3 3 0 1 . 5 1 
J O ? 1 . 5 1 
3 3 1 1 . 5 3 
3 3 6 l . 5 ? 
3 2 6 1 . 5 6 
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T a b l e k* ( C o n t i n u e d ) 
T e s t 1 2 ( c o n t i n u e d ) T e s t 1 3 
D e n s i t y 9 6 . 1 l b / f t 
L o a d o n S e t t l e m e n t L o a d o n S e t t l e m e n t 
B a s e ( i n c h e s ) B a s e ( i n c h e s ) 
( l b ) ( l b ) 
3 3 6 1 . 6 0 0 0 . 0 0 0 
3 3 0 1 . 6 1 1 4 5 0.01k 
3 3 6 1 . 6 3 2 0 6 0 . 0 3 7 
3 3 6 1 . 6 6 0 . 0 5 5 
3 3 1 1 . 6 8 2 9 0 0 . 0 7 3 
3 3 9 1 . JK 0 . 1 0 1 
3 ^ 7 1 . 7 9 3 42 0 . 1 2 8 
3 5 6 1 , 8 6 0 . 1 5 6 
3 6 3 1 . 9 5 3 7 0 0 . 1 7 8 
3 7 1 2 . 0 0 3 7 9 0 . 1 9 7 
3 8 0 2 . 0 9 3 8 1 O . 2 2 9 
3 9 5 2 . 1 3 3 8 6 0 . 2 4 2 
4 0 7 2 . 2 3 3 8 6 0 . 3 1 1 
420 2 . 2 8 0 . 4 2 1 
4 2 7 ' " i 0 ( ' 
c . , J O 3 5 o 
0 . 5 4 0 
3 2 7 0 . 6 5 4 
3 1 1 O . 7 8 7 
3 0 8 0 . 9 2 0 
1 . 0 5 
1 . 2 4 
3 5 3 1 . 4 3 
3 5 7 1 . 5 6 
3 4 7 1 . 6 8 
:M . 1 . 8 2 
3 4 9 2 . 0 2 
3 5 2 2 . 1 5 
3 5 7 2 . 2 1 
3 6 8 2 . 2 8 
3 7 7 2 . 3 4 
T e s t Ik 
D e n s i t y 96.8 l b / f t ~ 
L o a d o n S e t t l e m e 
B a s e ( i n c h e s 
( l b ) 
0 0.000 24 0.024 62 0.051 135 0.095 198 0.168 250 0.227 240 0.234 258 0.263 241 0.270 262 0.278 241 0.307 262 0.336 252 0.344 264 0.358 241 0.395 262 0.409 244 0.431 262 0.431 236 O.490 260 0.490 240 0.519 260 0.526 234 0.562 255 0.562 234 0.585 255 0.599 234 0.636 255 0.643 236 0.680 255 0.702 233 0.716 255 0.731 234 0.775 255 0.786 
rest 15 
Density 96.1 l b / f t 3 
L o a d o n S e t t l e m e n t 
B a s e ( i n c h e s ) 
( l b ) 0 0.000 134 0.004 i8r-> 0.008 208 0.047 225 0.083 -36 0.118 244 0.134 246 0.166 247 0.197 247 0.241 246 0.264 246 0.403 246 0.486 246 0.600 243 0.754 245 0.693 247 1.00 255 1.11 260 1.23 270 1.35 270 1.47 276 1.63 294 1.83 
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TaLale 4. [ C o n t i n u e d ) 
T e s t 16 T e s t 17 
D e n s i t y 95*8 l b / f t D e n s i t y 95. £ 3 l b / f t 3 
Load on S e t t l e m e n t Load on S e t t l e m e n t 
Base ( i n c h e s ) Base ( i n c h e s ) 
( l b ) ( l b ) 
0 0.000 0 0 .000 
21 0.059 116 0.034 
4l 0.059 192 0.068 
70 0.071 180 0.068 
98 0.082 199 0.075 
130 0.141 2 9 1 0.109 
159 0.l4l 348 0.164 
190 0.177 334 O.198 
219 0.224 401 0.246 
2 4 2 0.236 410 0.294 
261 0.283 409 0.328 
275 0.306 398 0.417 
257 0.330 366 0.588 
276 0.330 j f ; 0.807 
2 5 4 366 0.937 
275 0-377 326 1.08 
250 0.412 829 1.20 
267 0 . 4 2 4 335 1-37 
245 0.436 325 1.37 
263 0,448 331 1.37 
242 0.483 3 3 5 1.46 
£62 C.495 328 1.46 244 O.518 33̂  1.47 
262 0.518 I.58 
238 0 . 5 4 2 340 1.68 
254 0.542 345 1.81 
238 0.554 350 1.98 
254 0.565 370 2 . 0 4 
232 0.601 391 2.15 
253 0.613 418 2.26 
236 0.636 439 2.35 
253 0.636 462 2.43 
231 0.66o 490 2.51 
251 0.660 505 2.55 
232 0.680 
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T a b l e 4. ( C 
T e s t 1 8 
D e n s i t y 9 5 . 8 I b / f / t r 
L o a d c n S e t t l e m e n t 
B a s e ( i n c h e s ) 
( l b ) 
0 0 . 0 0 0 
260 0 , 0 ° 3 2 9 8 0 . 1 3 1 
3 5 5 0 . 1 9 4 
3 6 8 0 . 2 8 1 
3 5 6 0 . 3 7 5 
3 4 9 0 . 3 7 5 
3 5 5 0 . 3 8 1 
3 3 3 0 . 6 0 0 
3 1 0 0 . 8 3 8 
3 0 8 1 . 0 9 
3 1 8 1 . 3 1 
3 2 1 1 - 5 5 
3 3 6 1 - 7 9 
3 0 8 2 . 0 9 
3 1 6 2 . 2 8 
i ) 
T e s t 19 
D e n s i t y 96.4 l b / f t 3 
L o a d o n S e t t l e m e n t 
B a s e ( i n c h e s ) 
( l b ) 0 
0 . 0 0 0 
1 3 4 0.046 1 8 7 
O.O78 2 4 7 0 . 1 3 1 
2 9 0 0 . 1 8 3 
3 1 5 0.241 3 0 6 0.241 3 1 5 0.245 3 2 7 0 . 2 9 7 
335 O.368 339 0 . 4 3 7 335 0 . 5 0 9 330 0 . 5 7 4 
r.. j - t 0 . 5 7 4 31? O.58I 327 0 . 6 6 8 3 1 9 0 . 7 3 3 
2 7 1 0 - 7 3 3 
3 0 5 0 . 7 3 6 
317 0 . 8 1 1 3 1 5 0 . 8 9 6 
2 6 8 0 . 8 9 6 
3 0 0 0 . 8 9 9 
3 0 5 0 . 9 8 7 
3 0 4 1.05 2 6 0 1.05 292 1.06 3 0 4 1.14 3 0 6 1.22 3 1 7 1.29 3 2 8 1 . 3 8 
340 1 . 4 7 3 4 4 1 . 5 2 
6 1 
T a b l e ' { C o n t i n u e d ) 
T e s t 20 T e s t 2 1 
D e n s i t y 9?< , 6 l b / f t * D e n s i t y 9 6 . 0 l b / f t 3 
L o a d on S e t t l e m e n t Load on Set t lement 
B a s e ( Inches) B a s e ( inches ) 
( l b ) ( l b ) 
0 0 , 0 0 0 L o a d D a t a R e c o r d e d , 
2 1 0 . 0 3 6 S e t t l e m e n t Data L o s t 
8 5 
0.1.04 1 2 8 0 . 1 6 1 P e a k L o a d = 3 7 0 l b . 
1 2 1 0 , 1 6 6 
148 0 . 2 0 7 
1 5 8 0 . 2 2 8 
1 5 4 0 . 2 2 8 
1 9 8 0 , 2 6 9 
1 9 5 0 . 2 6 9 
2 4 1 0 . 3 2 1 
2 6 7 0.3 - 4 7 
2 8 6 0 . 3 8 9 
3 0 0 0 . 4 0 4 
3 0 4 0 . 4 3 0 
3 1 1 0 . 4 6 6 
3 1 1 0 . 4 8 7 
3 0 8 O . 5 0 2 
3 0 4 0 . 5 2 3 
3 0 2 0 . 5 3 9 
2 9 2 0 . 5 3 9 
3 0 0 0 . 5 4 4 
3 0 0 0 . 5 7 0 
2 9 8 0 . 6 1 1 
2 9 0 0 . 6 4 8 
2 8 8 O . 6 5 8 
2 8 0 O . 7 1 0 
2 7 6 0 , 7 3 0 
2 6 9 O . 7 6 7 
2 6 7 O . 8 0 3 
2 6 5 0 . 8 1 8 
2 6 4 0 . 8 3 9 
2 6 3 O . 8 5 0 
2 4 7 O . 8 5 0 
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